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SUMMARY 


Od ive: An investigation of the effects of charging lead-acid 
storage cells with a pulsating direct current, 


General Methods: A charging circuit was designed and constructed to 
permit charging « battery of three 24—ampere-hour celle with a mul- 
sating direct current, carefully regulated and metered at 2.4 amperes 
average valus, at a frequency variable frem 0.2 to 400 cycles per 
second, The battery was repeatedly cycled under similar conditions 
except for frequency of the finishing rate charging current, which 
was varied from 0.5 to 400 cycles, Gontrel charges, with a steady, 
non—pulsating current, were also conducted, The gas generation, ampere- 
hou] -efficiency, aud watt-hour efficiency were determined for each charge, 
and an attempt wae made to correlate these with frequency. 

\ 
Windings: The investigators demonstrated qualitatively that charging 
& battery with pulsating current improved performance, For Willard 
BR-2h~2 cells, the best results were observed at a frequency of about 
0.5 to 1.0 cycles per second, Further tests, employing statistical 
methods, air¢ necesssry to find the reason for this improvement and to 
determine quantitetively its magnitude, 
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OHAPTER I 


PREVIOUS INVESTIGATIONS 


An investigation of the effects of a pulsating battery-charging current 
leads the experimenter inte almost virgin territory. The pioneer in the 
field is F, Dacos of the University of Lises, whe summarized his findings 
in the Revue Universelle dee Mines, (3| His experiments compared in 
erator charging of lead-acid sells to rectifier charging. (In a letter to ~ 
the investigators Dacos stated that he used a 50 cycle per second current 
and an unfiltered, full-wave dry rectifier.) He concluded that charging 
with a pulsating current produced “remarkably better" performance than 
charging with a steady current, In particular, pulsing the current caused: 

(1) Higher efficiencies, beth watt-hour and empere-hour; 

(2) Deoreased gassing (by an average of 18% in 100 teste); 

(3) Higher mean voltage on discharge; 

(4) Decreased “shedding® of active material; and 

(5) Increased coll life (by 34% in @ single longevity test), 

Semen Grand Ws thas Shir ce oare en te relatively unimportant, 
His brief, qualitative explanation of these phenomena will be discussed 
later in this paper. 

The literature revealed no other reference to battery performance as 
affected by pulsating charging current, sven in Vinal's athoritative 
Storage Batteries [12], Vinal's discussion of the physical chemistry of 
the lead-acid cell, however, suggests an attack on an explanation of these 
results ané will be discussed below, 
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G. W. Jerustedt, of the Westinghouse Electric Gorporation, investi- 
gated and patented an electroplating process in which the plating current 
is periodically reversed, In the Westinghouse Engineer {7] he described 
the circults and apparatus used, and geve a qualitative theory explaining 
the improved plating produced by this method, Neither this article, how- 
ever, nor any of the cther references to periodic-reversal, or "PR" plat- 
ing (eee Biblicgraphy) suggested en explanation for the effects of pul- 
eating cherging on storage batteries, 

Guided by these references and some experience with submarine stor- 
age batteries, the investigators decided to conduct an experiment in which 
& leadeacid battery would be repeatedly cycled, the fintshing-rate current 
deing pulsed at different fremencies, Steady current control charges were 
to be made for comparison. It was heaped te discover whether benefits simi- 
lar to Dacos' could be obtained if the charging current vere pulsed at a 
frequency on the order of 1 or 2 eyclee per second, Yaerying the field of 
® conventional submarine main generator, perhaps by & commercial PR electro- 
plating control, could produce such « current, while « higher frequency on 
the order of 50 cycles would be diffiewlt to obtain, While the improved 
performance achieved by Dacos would be valuable in any battery, 1% would 
be exceptionally desirable in a submarine battery where high performance 
and minimam gassing are essential, Since the experimentel setup coald 
be adapted for higher frequency work, the frequency range was extended 
from 0.5 to 400 cycles per second, 
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CHAPTOR If 
PROCEDURE 


fhe first step in a etudy of pulsating-carrent charging, the investi- 
gators decided, should be to determine the effects on cell performance 
rather than to study electro-chemicai phenomena, Several motives prompted 
this decision: 

(1) Unless improved performance were found to exist, there would be 
little ineentive to study the elestro-chemical reactions involved, 

(2) The background of the investigators was electrical rather than 
chemical, 

(3) Availeble laboratory facilities lent themselves better to meagur- 
ing and controlling electrical rather than chemical variables, 
it was therefore decided te stady the variation with pulse repetition fre- 
quency of the following indices of cell performance: 

(1) Ampere-hours per charge, and ampere-hour efficiency; 

(2) Watt-hours per charge, and watt-hour efficiency; 

(3) Gas generation per charge, per watt-hour, and per ampere-hour; and 

(4) Duration of charge, 

fhe general scheme was to connect several cells in series and repeat- 
ely cycle the battery, Gince veriations in anbient temperature were small, 
temperature wes left uncontrolled with the thought that ite effect could de 
neglected, Otherwise all syoles were as nearly identical as possible ex- 
cept that the current during the finishing rate of each charges was pulsed 
at a different frequency. Average current was kept the same for each charge, 
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Thus any variation in performance among the cycles should have been due only 
to the variation in frequency, 

A program of experimental work was laid out to determine these data, 

It later turned cut to be too ambitious for the time available, and only 
parte a, b, ¢, and d were completed, The schedule, with the approximate 
times of laboratory and shop work reguired, was: 

@. Design, construct, and test the experimental setup (20 weeks), 

». Gycle the battery at frequencies of 0.5, 1, 3, 7.8, 20, 4, 
100, and 400 cycles, Use square pulses at low frequencies, half wave rec- 
tification at higher frequencies, (1 weeks) 

e. Cycle the battery several times with steady current charging 
for a comparison with step db, (2 weeks) 

ad. Investigate reproducibility of results of steps b ond co, (1 week) 

6, If step da reveals low veprodnesbility, repeat steps b and ¢ 
often enough to obtain an accurate mean for each frequency, A statistical 
analysis of the results of steps b and ¢ will be required to determine how 
many additiensl runs at each frequency are required, 

£, Repeat these steps for different wave shapes including full 
wave rectification and pulsed field excitation, 

The experimental setup was designed along the lines of Figure 1, which 
shows @ simplified block diagram of the equipment, In general, the battery 
wes discharged for a predetermined number of ampere-hours, then fully 
charged, The charge was considered to be completed when cell voltage ceased 
to rise, ‘The gas generated in each cell during the finishing rate was cele 


lected and measured, Cell current end voltages were recorded, Hlectrolyte 


pn ‘mje ak goktatusy eid o@ 


et om wale saw teem (ntaomiteqxs Yo matRong 4 


. ‘hanes Ativ somt? Letever yreited ostt elegd ” ge. a | 

(elem 8S) qate dtty soateaquos @ tot 

ftecbotqet etegdtseval Bo 6 ned 
eroT hontroe wor elaowes Bi qed! Mose. wom oF a 

2A etait then dementia , 

aonentionen: of (flv o baw dsgete mioeinmunabedid eley less 


ae  dobiie J onus te wend’ odd gaola tempineh saw quioe Lednenizeqne adf 
teat ene tong at --.2aenctune sit Yo nerpath sols het thle, pels 
~fee aay vtat gittdetntt ef¢ aniteh [ico dose nt deceteaep esy od? .o0ht od 
Vetylonteelt Bebtove vrtew eegndiov bas tastig [f00 ,horescam han betoel 


tage 
, 
' OY, 
Oo, 
4 ‘ al 
rok we 
‘ ‘ U eu? 
tt Mae 
’ é 
Neale Sate : 
| 
ae F 
» x a 


i 
array t 
‘ ors } “ay 
ARTE ¢ ‘ 
x v 
f ° 
ww 
es : 


temperature was measured but not regulated, 

To regulate and measure these simple data (voltage, current, gas 
volume, and temperature) required a more complicated arrangement than 
originally anticipated, Like Topsy it "just growed", until sometimes 
ten pieces of relatively large rotating machinery had to be run simml- 
taneously. The detaiis of the setup are given at length in Appendix A, 
Ae the experiment proceeded, some improvements were aade, anid some were 
noted but could not be effected, In particular, the substitation of re- 
cording instruments for indleating instruments would hare simplified both 
the regulating aad data-taking problems, ‘This and other improvements ars 
more fully discussed ia Chapter V, 

It was decided to use three Willard Type BR-24-2 celle for the ex- 
periment, This cell is a emall, plastic-encased, non-spill type having 
& nominal caproity of 2) ampere-hours with a specific gravity of 1.280, 
The menafacturer's performance curves are shown in Figure 2 and the 
Bureau of Ships drawing in Figure 3, A small cell with a low charging 
current wae necessary if square current pulses were to be produced by 
relaying, A small cell also would generate a relatively small volume 
of gas and minimize the problem of gas collection and metering and the 
hazard from hydrogen-oxygen explesions, While realicing that this cell 
is 4 far cry from the 5000 ampere-hour submarine cell in which they were 
primarily interested, the investigators considered that both cells would 
reeset similarly to pulsating-current charges, The reactions are the sane 
in each cell, and the voltage, specific gravity, and plate-current density 
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MAXIMUM DIMENSIONS 


LENGTH 3 31/32 IN. TYPE ER~24=2 
WIDTH 3 IN, [DATE 5-29-50 
HEIGHT 5 1/2 IM. CURVE 17 
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NAVY STANDARD BATTERY 
CLASS BV SBP RO AK. 
MANUFACTURER NAME 
MANUFACTURER TYPE 
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FRONT SIDE 


NOTES. 
1 BATTERY INDICATOR BALLS. 
GREEN RISES WHEN FULLY CHARGED 


2. CEMENT LINER IN PLACE AT POINTS 
INDICATED BY © 
3. THE CASE AND COVER SHALL BE 
POLYSTYRENE OR OTHER APPROVED 
MATERIAL (NOT HARL RUBBER) 
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are similar, Yarthermore thers was no available equipment for cycling a 
e611 of very large capacity, 

The cella were obtained in the charged and dry condition, with the 
Gell openings sealed, All gelle were filled with 365 milliliters of 
reagent grais sulfuric acid of 1,280 specific gravity. After charging 
for 24 hours, as recommended by the nasafacturer, the cells were cycled 
& ¢imee, Discharges were at 15 amperes for 4S minutes, or 12 ampere 
hours, Ghargese used two steps of constant current with a starting rate 
of & amperes and & finishing rate of 2,4 amperes, Current was lowered 
to the finishing rate when any cell reached the gassing voltage deter- 
mined from the Temperature-VYoltage-Gassing curve shown in Figure 4, By 
the fourth preliminary cycle, cell voltages at end of discharge and at 
ond of charge were substantially constant, and it was considered that no 
®ppreciable change of cell characteristics would coecur with further sy- 
cling, 

fo be able to fill @ hydrometer barrel, it was necessary to keep the 
electrolyte level about ene centimeter above the level line on the cell 
jar. The gravity of this upper layer of electrolyte changed very slowly, 
dropping only ten or twenty pointe daring @ one-hour dischargs, Since 
gravity readings were not significant, the filling plugs were inserted 
and sealed with wax after the fourth preliminary cycle, Wo more gvevie: 
ties were taken until the completion.of the experiment, when they were 
again read, and found to have dropped about 10 points, This small change 
was ageumed to have negligible effect, Hydrometer readings were corrected 
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0.5 cps 1 cps 


5 cps 7.8 cps 


<O cps 40 cps 100 eps 


400 cps steady(wi th 
zero current datum) 


FIGURE 6. CHARGING CURR! NT PULS* SHAPES 
Notes 1. Seales differ among the traces. 
2. In each case mean current is ©.“ amperes. 
Traces below 10 cycles per second by 3rush recorder; above 
10 evcles by cathode ray oscillograph. 
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to $0°R/80°F by the curves of Figure 5, 

The current pulee shape was chosen ae & equere ware of equa), oa aad 
off periods for frequencies belew 10 cyslee per accond, For higher free 
qmenties @ half sine wave was used, In both eases the asan value was 2,4 
smperes, Migure 6 shows the current wave shapes actually used, In sone 
cages, on and off tives were not precisely equal; in others, slet kermon- 
ies were prominent. In every case the average value wie meneured to ba 
2,4 amperes. Although the seme palse shape, either halfosine or square, 
would have been decirable for the entire freqency range, preetiesl dif. 
ficulties pravented 1%, It prewed iapractical te operate « relay or 
ewiteh faster than about § cyeles per seaond, then aveileble alternators 
were run st speeds lower than that corresponding to about 15 eycles per 
second, it vas impossible to generate sufficient voltage, Dacee [3, page 
17] states that 

corefal triaie, made with different forms of rectified alternating 

ys — A a ee —<- benefit in gen evolution 
It wae consequently assumed that the square wave and the half eine wave 
would preduce ciuilar results, The “steady*® carrent sctaally hed a emali 
siet ripple, but it wae believed that the ripple produced no appreciable 
difference from a traly constent direst current, 

After the fourth preliminary cycle the test cycles were begun, 
Steaiy and pulsed race were conducted in a random order to counterset 
any effect of progressive changes in the battery with cycling, The test 
eyclea follewed the same procedure as the preliminary syclies, The celle 
were discharged for Wf mimtes at 15 amperes, then put on charge et 6 
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amperes steady current, When the gassing voltage was reached on any cell, 
the current was dropped te 2,4 amperes and gas collection wae began, The 
finishing rate current was pulsed or steady depending on whether the ran 
was @ test run or a control run, The gae was collected, individually for 
each cell, over water, and kept at atmospheric pressure by ® leveling 
bulb. Me avtoapt was made, nor was it precticable, to separate the hydro- 
gen and oxygen formed at the negative and positive plates respectively, 
The gae collected was therefore a saturated mixture of hydrogen and oxygen 
plue the air iaitially in the collection apparatus, Difficulty with gas 
leakage was overcons by sealing the filling caps with wax, 

During discharges, voltage readings were recorded at 6 minute inter- 
vale, During charge, voltege readings were taken at 12 minute intervals 
until the charge was almoat completed, The temperature correction to volt- 


age, i.1 x 10 


volts per degree F., was neglected, Yor the last hour or 

#0, readings of voltage ané@ ges level wers taken at 6 mimte intervals, 

Gas volume was corrected for temperature but not for pressure, As explain- 
ed in Appendix 4, the current puleations were stopped during voltage read- 
ings at the lower fremencies and the current maintained at 2.4 amperes steady 
until the ocll volteges were read, Although this procedure masked somewhat 
the change in performance due to pulsing, it was accepted as «a necessary 

evil, Sines cessation of voltage rise was the criterion for determining 

the end of the charge, 1t was essential to measure voltage securately, A 
dallistic galvanometer could have been used to read the average of the 


pulsating voltage, tut it would have added complications, especially in 


wy 


mm ee 4 Bane } eantitow gateecg bse se ¢merue veaess an teqMa 


60! am Sas sovogns 4,$ 0f hocyond nov ¢nares> oft 


eb “tnode to beoloq asv taoreue nent. ‘gabdatat? 
a Sie Jay i ae ita? es 


sas nap ot wart Lextnee 0 uu tes? 8 usw 


a ae yo Qe mtn # ys inh. a3 ce iA 
$s tqod baw ore seve. ifeo done 
" apes bee oy Ce wee J a, Yow hee ey , RM 


f naw ton hen naw donotta ol .6iné 


sero) wit? grits “eter a _ Poise eto eek 


: fo ieoq prey a She 
i vik te as 


otk dagen? SA - eevee 


olden seeds sweet gored iy Prone 


| sista | t ULlatttad ahs ed? ante 
; * esi aa ee mya " oe oo: Mags 
asiet Wiians 900 avicoos enon wpeibor option ngandets peat 
Wolk bsg i id wenkes BY we sates” cas 


id eeeek weg ei ,baemee 
deosle asx egtate odd 
it ie ® $f 


-, want fat ose wo heya A were wo otter OE 5 1.0 eos 
| ane —e Sel 


nie 9 LR at 
am us bas oped ley Xo agaibaos 08 


dayton nner pawn wa sete 
aA. pani ohn tos AT LAG 
2 is nares, Me ei, UR Ree vet OF 
begged e e'tew ‘enchtes tum | jawexme af A xibaoagh at be 
Ec, ee, wn Se aetpieltertet 2 Sarge 
an tcevtan otf han vetenomort rove! ait Ge aaah 


wing SA Sane hl * Paae 


vgn k 
Toner a? 1 aay pee dst 


a wr 


ltt 


‘esote sorogms Soqua U.S ta bon 
“gadiwomon wrubebons sth iyootd th -Sour etew cagat ov ffn0 dt titan 
Winesesen 4 as butaeoss oly #2 vaateLeg ot pret eB shy at ements edt 
qurnnalal’ ot" noted irs odd naw ents epetior So else Gane | five 
A .yletexm0e toyed for « oxsesen of tattuvone vow a yepunde et Yo baw a 


bats GTN i > Oe 
a OT eis a ode aot of Sens need rms Dineo totemnnating of8e2.tag 


Moi 


ohh 


Reh 


aay - HEAR eed & ORD 
at Witateonse .tnotteo! faves ebb evad b two ‘et tad esd fev gatteaion 


Ay, 4 pT Ra eS eee 


uy 


wainteining securate calibration, ia any even’, the date could be correst~ 
aé for the amount of time when the aurrent was eteady instead of paleating, 
an ordinary d'Arecnyel] sevenent voltaster wae therefore ured for all charges, 
Part b of the program was considered completed after rune at 0,5, 1, 
3, 7.8, 20, 40, 100, and 400 ayeles per second, and part c after 4 steady 
current control runs, Ae discussed is Chapter ITI, 16 wes diffiewlt te 
reproduee rogulte in the sentrol rave, To discever whether the lack of 
reproducibility vas coased by fmulty experimental techniques or was in- 
herent in cell perforsanes, the investigators commenced part d of the pro- 
grem, Five cycles were ran under neariy identical conditions, except that 
electrolyte temperature was allowed te very over @ amsll range, Bach cycle 
@encisted of « discharge at 15 amperes for 10 ainmates plus « charge at 
2.4 amperes steady current until voltage ceased to rine, Gas was collect 
e4 as befers, Although even « cursory study of the rewults showed the de. 
eirability of more rans, lack of time forced « stop to experimental work, 
The analysis of reeults and writing of the report were then undertaken, 
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CHAPTER IIf 
FINDINGS 


The experiment proved several points conclusively and gave somewhat 
lees conclusive answers to several other questions, An incidental con 
Clusien was that the manafacturer overestimated the cell discharsze capac- 
ity at the 15 ampere rate, According to the curves of Pigare 2, the eslle 
should deliver 15 amperes for 71 mimates at S0°F,, for 65 minutes at 70°F, 
or for 60 minutes at 60°F7,, befere cell voltage reached the minimon allow. 
able of 1.65 volts, On one occasion, the cells reached a voltage of 1.62 
by the end of a 48 ainuate discharge at 15 amperes, On another occasion, 
when the cells were discharged to the low voltage level, they delivered 
only 80% of rated capacity, he usual voltage at the end of 46 minmtes 
was 1.8, arepping rapidly, Although the discharges were always terminated 
after 48 minutes, it was exesedingly doubtful whether the cells would have 
discharged for 17 more minutes without reaching 1.65 volts, A similar con- 
Glusion was reached by the Mare Island Navel Shipyard Industrial Leboratory 
(8) in tests of 12 similar cells, (They were of the same Navy stock number, 
but manufacturer not specified.) ‘the laboratory found an average ampere- 
hour efficiency of 94% at the 15 ampere rate, although performence at the 
5 minmate and 10 hour rates was excellent, 

4 second conclusion was that fluctuation in cell voltage, when the 
battery was charged with a puleating current, decreased as the frequency 
increased, Voltage ripple, defined ss the ratio between voltage fluc- 
tuation and mean voltage, decreased from ,12% at 0.2 cycles per second 
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becoming roughly asymptotic te .025 at frequencies above 2 cycles per 


second, The actual values are shown in Figures 7 and 8, 


Frequency Ripple Qurrent Shape Source of Date 
0,2 0.124 square Brush recorder 
0.5 0,096 ao. do, 
1,0 0.053 do, do, 
3,0 0,085 de, do, 
7.8 0.9 de, Oscilloscope with voltage calib, 
20 0,013 half sine Oseillograph phete : 
ko 0.017 ao. ado. . 
100 0,027 ae, Oscilloscope with roltege calib. 
4oo 0.02% do, "3 
*Steady* - 0,002 ripple do, 


 ~‘Pigare 8, Voltage Ripple 
Shapes of the cell voltages aad voltage fluctuations are shown in Pigure 9, 
while current shapes are show in Figure 6 above, Ripple was substantial- 
ly the sase for both current shapes at freouencies above 4 oycles, al though 
the shape of the fluctuation was different, The emall, 540 cycle current 
Fipple produced an almost negligible voltage ripple, 

A third conclusion is that storage ¢ell performance is ust reprodnc- 
ible under ordinary laboratory conditions, Tests run under very similar, 
if not identical, conditions produced varying results. The investigators 
were uneble to correlate indices of performance with any yeriable, They 
were forced to conclude that the indices obtained in this experiment were 
Aistrtoated according to an unknowa frequency distribution, The experi- 
mentally observed means of these indices cannot be said to equal» the true 
indices, It is possible, however, ander certain not unreasonable assump- 
tions, to state a range within which, at a high confidence level, seach 
true index should lie, These confidence limits are shown oa the curves 
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A. BATTERY VOLTAGE. Horizontal line at bottom of trace is voltage 


datum. Voltage 7.5 volts. 
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B. BATTERY VOLTAGE FLUCTUATION. Scales differ among the traces. 


FIGURE 9. VOLTAGE WAVE SHAPES 
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of Figure 10, Since the statistical analysis is rather lengthy, it is dis- 
gussed in detail in the follewing chapter rather than here, 

A surprising fect was noted when the volume of gas per ampere-hour 
during the surcharges was compared with that predicted by Paraday's Law, 
Daring the surcharge (portion of charge after voltage esases to rise) all 
the charge seat through the cell is transmitted by electrolysis of the 
water of the slectrelyte, Since all the PbS0, has been transformed inte 
Po and PoOe, there is ao other mechanies for current flew. One then ex- 
pecta to generate one equivalent of gas at each electrode for every fara- 
day of electricity sent through the cell. If the hydrogen and oxygen were 
Collected together, one would expect te collect about 715 cubic centimeters 
of the saturated mixture at 27°C, for every ampere-hour of charge, Yor all 
frequencies, however, the volume of gaz collected was about 444 eubic centi- 
metere per ampere-hour, 62% of the expected value, (Electrechemists would | 
say that the current efficiency was 62%,) Figure 11 shows the values of 
gas per ampere-hour, ‘the only explanation is that some of the hydrogen 
and oxygen have recombined inte water before escaping from the slectro- 
lyte. ‘The investigators then concluded that some of the gas produced prior 
te the surcharge mst alse recombine rather than escape. The volume of gas 
collected was then a function of twe phenomena: 

(1) during the gassing before completion of the charge, part of the 
current desulfated the plates and the rest electrolyzed the water of the 
electrolyte, 

(2) part of the electrolytically produced hydrogen and oxygen recom 
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dined inte water and part escaped, The relative effect of these two phenomena 
was not determined, but it was concluded that beth occurred to some extent, 

The lack of reproducibility of indices of performance prevented giving 
an exact quantitative answer to the question, "How does battery performance 
vary with frequency of current pulsation?® It was obvious, however, that 
pulsating charges improved most indices of performance, particularly at 
low frequencies on the order of one cycle per second, Figure 10 shows 
grephically the values of the most important indices, ‘The dashed lines in 
each graph represent the respective means of the steady current contre] runs, 
while the dot-dash lines on either side represent the 90% confidence limits 
for thie mean, Thet is, the probability is 0,9 that the true value of the 
index lies between the dotedash lines, A straight line was fitted to the 
points for pulsating current as the best estimate of the trne situation, 
Confidence limite in the form of & shaded area centered on this line could 
have been plotted, but the commatation is so tedious and the added informa- 
tion so little that this work was net undertaken, In general, the width of 
this band would be several times that of the control run confidence band, 
Quantitative statements being out of order, the following qualitative con- 
Clusions were reached for the various indices of performance: 

Zime: Possibly a slight improvement at the lower frequencies, 

Ampere-hours: Possibly a slight improvement at the lower frequencies, 

Watt-hours: Slight improvement at the lower frequencies, 

} evolved: Definite improvement at the lower frequencies; little 


or none above 100 cycles per second, 
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Gas per ampere-hour and per watt-hour: Decided improvement at all 
frequencies tested, greatest at the lower freqencies, 


Béficiencies: Slight improvement at the lower frequencies, 
Im summary, the greatest benefits were noted in gas srolution, with slight 
improvement in other indices, 
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CHAPTER I¥ 
DISOVSSION OF RESULTS 


Aecording to the double milfate theory, the reaction in a lead acid 
oell iss 

2 PWS + 210 => FOp + Pb + 2ipem,. 
Daring charge the reaction goes from left to right, Accerding to Vinal 
(12, page 171 | the coli torminal voltage is: 
V=Ie + 1.87 + ET In end} 

2F Leo} J! 

I = current 

¥ = eell internal resistence (virtual ) 

R = universal ges constant 

f = absolute temperature, "Rankine, 

P = foraday's conetant 

L?b****] = concentration of tetravalent leed tons 

(vv'"] - concentration of divalent lead ions, 
Tt can be shown thet the concentration ef the tetravalent ion increases 
and that of the bivalent fon decreases ae the charge precesis, the volt. 
age thus increasing, (ell temperature tende to rise becouse of T°r heat 
img as well ae beceuse of the heat of thie exothermic reaction, and ¢ell 
voltage is further increased, 

Hleetrolysia of water oceurs at a voltage which varies linearly with 
temperature, As shown in Pigare 4 above, the value is 2,38 volte at s0°r 
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and decreases as temperature increases, This voltege is usually reached 
when about 90% of the ampere-hours discharged have been replaced, By 
this time the desulfating reaction, which proceeds into the plates layer 
by layer, hes reached almost the mid-plane of the plates, When electroly- 
sis begins, the gos is thus formed in the midst of the active material of 
the plates, Until all the lead sulfate has been decomposed, part of the 
current goes into the charging reaction and part goes into electrolysis, 
When all sulfate has been decomposed, the charge is complete and all 
further current must cause electrolysis, The escape of the resulting 
hydrogen and oxygen bubbles is called gassing, These babbles met escape 
through the pores of the active material, In doing se, especially at a 
high rate and st a high temperature, they loosen particles of active mate- 
rial which tend to "shed" or drop to the bottom of the cell as sediment, 
The capacity of the cell ie proportionally reduced, and when the sediment 
pile grows high enough it may short circuit the plates, The mixture of 
hydrogen and oxygen creates an explosion hazard, As the bubbles leave 
the 6611 they entrain particles of electrolyte which lower cell capacity 
and corrode ventilation ducting, The energy which goes into electrolysis 
ceuses a drop in efficiency, In short, except for mixing the slectrolyte, 
gassing performs no useful purpese and should be minimised, Reduction of 
gassing leads to safer, more economical operation and longer ¢ell life, 
Dasos [. page 15] explains the reduction of gassing which he ob- 


tained as follows: 
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ecee this reduction in volume of gas comes from the fact that 

during a charge under pulsating voltage, the voltage is, dur- 

ing a fraction @ of a half-period, greater than the equiva- 

lent mean steady current, and during the rest of the half per- 

ied, smaller, Bat, during the latter interval of time, gas 

stops being evolved while the voltage of decomposition fof water 

is not reached, and the ione which have just reached the react- 

ing strata of the active material enter into chemical reaction 

with the lead sulfate, 
Since he investigated only one frequency, Dacos did not consider the effect 
of changing the duration of his “fraction 6", There is no obvious reason 
why a long non-gassing period should cause more reaction than several short 
non-gassing periods, although the higher ampere-hour efficiencies noted at 
low frequencies suggett that this is the case, Solution ef this question 
would require a study using physical chemistry methods, Some of the oh - 
vious factors sre geometry of the plates, porosity of the active material, 
temperature, specific gravity, and viscosity of the electrolyte, velocity 
of fons and gas bubbles, pressure, and current density, In Dacos! opinion, 


The behavior of the cell depends essentially on the phenomenon 
of diffusion, 


An investigation of this nature was out of the scope of the experiment, 
Vinel's voltage equation, together with the observed variation of 
voltage ripple, sheds some light on the matter, A step increase of charg- 

ing current from 0 to 4,8 amperes did not produce a step change in cell 
voltage, as seen in Figures 6 and 9, With the current level at = constant 
4,8 amperes, the voltage gradually approached a maximmm, The change in 
voltage must have been due to a change in one or more of the quantities r, 
fT, and ionic concentrations, It is known that r is not constant and is a 


function at least of current and condition of charge, In fact Vinal 
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[ 12, page mu states that cell resistance is only a quantity which mst 
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Furthermore he states that the ionic concentrations cannot be measured di- 
rectly, T could hardly be considered to vary significantly under a current 
pulsing as rapidly as once or twice a second, Therefore the variations in 
performance might be linked to variations in cell resistance or ionic con- 
centrations, One difficulty with this hypothesis is the constancy of voit- 
age ripple above 2 cycles, Battery performance was not constant over this 
range. 

Although voltage ripple wes not measured at frequencies below 0,2 cy- 
cles per second, it is possible to predict that it will approach a meximan 
on the order of 0.25 for frequencies on the order of 20 mimtes per cycle 
for a square wave of 10 mimtes at 4,8 amperes and 10 mimtes at sero cur- 
rent, This value was computed by noting that the voltage of a fully charged 
cell drops from about 2,8 to shout 2.2 volte within 10 mimtes after a 
charging current of 4,8 ampsres is open-cireuited, If performance is best 
at highest voltage ripple, the optimum frequency would then be on the order 
of 20 to 30 minutes per cycle, (The electropleting industry uses "PR" cy- 
cles on the order of 15 seconds plate and 5 seconds deplate,) A minimum 
practical frequency would be set by excessive shedding thet would prob- 
ably be caueced if peak current were maintained for e matter of mimtes, 
even if followed by an open circuit period of equal duration, For example, 
the prescribed finishing rate for the Willard ER-24~2 cell is 2,4 amperes, 
Suppose that a “pulsating” current of 4.8 amperes for 30 minutes followed 


by open circuit for 30 minutes, ete., were used for the finishing rate, 
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Although the average current would be 2,4 amperes, excessive gaseing would 
undoubtedly occur during the 30 minute "on" period with loss of active 
material through shedding, The same considerations would prohibit a walse 
shape such as 24 amperes for one second followed by open cireuit for 9 
seconds, Although average current would be 2,4 amperes, excessive gassing 
and shedding would again result, Cell life could probably be reckoned in 
pulses rather than in monthe, For optimum results, three conflicting re- 
quirements evidently mist be balanced: 

(1) a large voltage ripple; 

(2) a period long enough to produce a large ripple but notso long as 
to produce damaging gassing; and 

(3) not too high a peak current, 

An educated guess is that the best frequency would be in the vicinity of 
0,01 cycles per second (period of 100 seconds), 

Dacos did not chserve recombination of hydrogen and oxygen during the 
gassing peried; he collected almost exactly the volume predicted by Fara- 
day's Laws, In the present experiment only 624 of the predicted volume 
was actually collected; the other 38% recombined into water before escap- 
ing from the electrolyte, The Willard nen-spill cells contained highly 
absorbent separators which undoubtedly affected the rate of diffusion and 
ges escape, Dacos' cells, 42 ampere-hour Tudor type BYM 3, probably con- 
tained conventions] separators which left a considerable volume of electro- 
lyte unabsorbed, Recombination of the gas can possibly be related to this 


difference in sonstruction, 
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Since Dacos observed ne recombination, his reduction of gassing mst 
have been due entirely to reducing electrolysis. The present experiment 
demonstrated the reverse; ampere-hour efficiency was only slightly improv- 
ed by pulsing; hence electrolysis was only slightly diminished, The main 
eeuse of reduction in gassing met then have been the reaction of hydre- 
gen and oxygen te form water, This reaction would not be explosive if it 
proceeded contimously, since it could then liberate energy at no higher 
rete than it was supplied, about 6 watts, An explosion would result, how- 
ever, if the gas collected for, say, 10 mimtes recombined, I% would liber- 
ate energy on the order of 6 x 600 = 3600 watt-seconds, If it were a chain 
reaction eccurring in 0,01 seconds, the rate of energy release would be 
3600 = 0.01= 360,000 watts or 360 kilowatte, 

It is not surprising thet recombination cecurs; one type of primary 
¢ell utilizes the same reaction (H+ 402 —» 9,0) te prevent polarization 
of the cathode, Vinal [11, page 216 ff,] @iscusses the reaction at length 
and points out that the actual reaction is not se simple as shown sbove, 
but actually involves several intermediate reactions, 

As the experiment proceeded it became evident that statistical methods 
would be necessary to arrive at valid conclusions from the cbserved data, 
A comparison of the first four steady current control runs (step ¢ of the 
experimental program) showed a disappointing lack of reproducibility of 
results, Two of these four runs were undsr suspicion, however, In run 
number 6, the cathetometer telescope was inadvertently moved during the 


gassing period and the height of gas in the collecting bottles was there- 
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fore not accurately measurable, An estimate was made, and the gas evolu- 
tion computed subject to later acceptance, There was no reason to suspect 
the duration of charge, ampere-hours, watt-hours, or efficiencies, since 
the variables involved in these quantities were accurately measured, 

Ran number 12 was also suspected beceuse the cell voltages on dis- 
charge dropped below the low voltage level for that rate, The charging 
portion of the cycle was completed, nevertheless, and the indices of per- 
formance computed, As anticipated, some of the indices differed consider- 
ably from those obtained previously, 

At this point the investigators considered the advisability of neglect- 
ing the dubious results commted in cycles 6 and 12, Since their omission 
would tend to accentuate the difference between pulsating and steady current 
performance, the investigetors approached the decision with conflicting e- 
motions, On the one hand, there was excellent reason to believe the data to 
be extraneous, On the other hand, neglecting them would open the investi- 
gators to the charge of shutting their eyes to these data which did not con- 
firm their theory, They consequently deferred a decision until a third 
series of cycles could be run, Unfortunately time did not permit the run- 
ning of a number of cycles identical to the previous control rans. Instead 
they conducted 5 similar cycles in which the batteries were discharged at 
the same rate as before but for a shorter time, 10 mimtes instead of 4s 
minutes, ‘The celis were then charged with e constent, steady current of 
2.4 amperes, Data were collected in the same way as before, ‘The means 
and standard deviations of the various indices of performance were com 


puted, 
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The seeumption seemed ressoneble that the second set of contre] runs 
should show the same spread of data as the first set, For example, if 
anpere-hour efficiencies for the second run fell between 60% ond 95%, 
they could be expected to fall within a similer range for the firet run, 
In statietical terminology, 1t vase assumed that the first set of runs com 
prised « eanple from a population having «2 certain mean and standard devi- 
etion, The second set of runs were aseumed to comprise a sample of a sec~ 
ond population heving a different mean but the same standard deviation, 

Hoel [6] and vitke [13], im their discussionsof omall sample tech 
niques, describe a test for the compatibility of veriances, It involves 
the "F* distribution tabulated by Fisher and Yates (4, table ¥] . Briefly, 
the investigzters followed this procedure: 

1. The first two steady current contrel runs, numbers 1 and 7, vere 
assumed te be random samples from normally dietribated povulation A having 
moon A, ond standard deviation O, ; the second set of five, from normally 
distributed population 2 having meen /, and standerd deviation T,- 

2, It was assumed that M,¢mg mt TA = Te - 

3, An hypothesis H was then made thet the dubious runs, mambere 6 
and 12, alee came from population 4, 

4, Under hypothesis 4, the standard deviation $, of the firet four 
eontrel runs should be compatible with the standard deviation $, of the 
second five rane, This hypothesis was tested by forming the ratic 
Fe Man Ma-') , where n = the sumber of observetions (runs) cos 


Nasg (Na-') 
prising the semle, The F distribution yields the probability that F 
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will exeeed any given mmber, Untry inte Fisher's tables shows that, under 
hypothesis 4, the probability that P2=4.75 ie only 0.06, Noting that F= 
4,75 for the indices t, V, V/ af and ¥/ 9, one rejected the hypethesia K in 
their cases, but accepted it for 4, ¥,. a ai... In other wrds, the 
volume data for runs 6 and 12 wan rejected because of experimental error, 

5, Yolume data for runs 6 and 12 wore rejected, and new standard de. 
viations 5) computed for ¥, ¥/a¢, and T/yg. This new value $, was found 
to be compatible with 3, 

6, Sven when times for rane 6 and 12 vere neglected, the standard de 
viations of tine proved incompatible, Since the curve of duration va, fre- 
qaeney showed no significant variations, ne further statistical analysis of 
this variable we sade, 

These computatione are tebulated in Tigure 12, ‘The meansteady 2C values 
plotted in Figure 10 represent, fer tine, ampere-hours, and ef ficiences, 
the reeults of al] four control rans, Yor volume evolved, volume per 
aapere-hour, end volume per watt-hour they represent the mean only of 
runs 1 and 7, 

The confidence Limite for the means were couputed by Ttudent’s dis. 
tribution ac described in witke [23] ana Boot (6.\ An unbiased estimate 
of atapiard deviation wea dased om compatible data from the two sete of 
gontrol rans, 

A belated review of Decos' conclusions showed that lack of reprodud- 
ibility might have been inferred from hie statoment that, (3, page 217] 


In this test, teken at rendem from among very numerous od- 
eorvations ..... there is a benefit of 25% in in favor of wale 
enting current, Recall thet the mean of a1] the tests was 
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FIGURE 12. COMPATIBILITY OF VARIANCES 
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Decos made no explicit mention, however, of difficulty with spread of re~ 
sults, nor did Vineal's chapter on Tests [12, Chapter Ix] warn of this 
pitfall, Only after considerable grief did the investigators discover 
what Dacos had implied: that a few large samples would have been prefer- 


able to a mamber of small samples, 
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CHAPTER ¥ 


SUGGESTIONS FOR FURTHER INVESTIGATIONS 


This experiment raised more questions in the minds of the investi- 
gators then it answered, In the first place, it failed to prove precise- 
ly which pulsing frequency and shape produce optimum performance; this 
basic question remains to be solved, It did reveal, however, other ques- 
tions which mst be answered before the solution can be found, It alse 
emphasized related problems and suggested techniques which can simplify 
and improve experiments with storage batteries, Some of these points are 
discussed briefly in three categories: 

A, Questions whose answers are essential to a solution of the basic 
question, 

B, Questions allied to the basic question, 

C, Experimental techniques, 

By the "basic question” is meant, "How does battery performance vary with 
frequency and shape of current pulses?® ‘The discussions below merely high- 
light the points raised; they are prosented as raw observations to be eval- 
ulated, ignored, or disproved by subsequent investigators, 
& 

Questions whose answers are essential to the solution of the basic question, 

1. Is storage cell performance truly reproducible experimental- 
ly? Theat is, can all the variables be controlled and/or measured so that 
identical results can be produced by mainteining identical conditions? 


What variables are most important? 
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2, If not, is cell performance a chance variable? If it is @ 
chance variable, is it normally distrituted, or does it follow some other 
distribution? How many times must a given run be repeated to determine 
the true mean value of & particalar index of performance? If the ampere- 
hour efficiency is determined, say 10 times, can we confidently say that 
the mean of this ten-fold sample equals the population mean? 

3, What wave shape produces optimum performances? Is it a 
square wave, half sine wave, full-rectified sine wave, or pulsed field 
wave? What is the optimum duty cycle? (ratio of current—on time to cur- 
rent-off time), 

4, Would periodic reversal of charging current improve perforn- 
ance as it has improved electroplating quality? 

5. What is the optimum pulse frequency for any given cell? 

6, Does pulsing produce beneficial results on celle of all 
sizes and constructions? 

B 
Questions allied to the basic question, 

1, Does pulsed current produce less electrolysis, or does it 
merely cause more of the electrolytically generated hydrogen and oxygen 
to recombine? If the first answer is "yes", ampere-hour efficiencies 
should be incressed, If the second answer is “yes", the volume of escap- 
ing gas should be less, while ampere-hour efficiencies would remain un- 
changed, 

2, Gan indices of performance be related analytically te pulse 
shape and frequency, possibly by transient analysis? 
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3. If a test cell consisting of two plates, widely separated, 
were charged with pulsating current ond the gas from the respective plates 
collected seperately, would performance be improved? 

4, Is "shedding" of active material o function of total gas fora 
ed or only of that fraction of the gas which escapes without recombining in- 


to water? 
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Experimental techniques, 

1. ‘The use of recording instruments, either in addition to or in 
lieu of indicating instruments, would simplify the problems of recording 
data, computing ressl te, and regulating charging current, Zsterline Angus 
recording milliammeters could be connected to measure cell voltages and 
charging current, Several advantages would be: 

&, Continuous date record, rather than only @ periodic 
record, This feature would allow closer determination of the time of ond 
of charge than would the constancy of two successive readings separated by 
& tine interval, 

bd, MHlimination of time-consuming reading and logging. 

©. Quick computation of time-sverage values, such as volt- 
ages, by planimeter, and quick and accurate determination of time rates, 

ad, Elimination of need for extremely eccurate current regu- 
lation, In the present experiment, current had to be maintained exactly 
constant to permit accurate determination of ampere-hours as the product 
of current and time, If ampere-hours could be determined by planimeter, 
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slight variations in current would be permissible, 

e, The higher inertia of recording instruments would give them 
a vetter integrating characteristic than indicating instruments, The bal- 
listic galvanometer for current metering might prove unnecessary, 

2. Since individual cell performances for a given cycle were aver- 
aged, time could be saved by metering battery voltage and gas rather thm 
individual cell values, in this way a large number of cells could be used, 
rather then only three, and more reproducible mean data might result, 

3. The development of a recording device for volume of evolved gaz 
would facilitate data cellection, 

4, Most important of all, number of cbservations should be made at 
each frequency at which performance is to be determined accurately, Stu- 
dent's distritution shows that the confidence limits for a pepulation para- 
meter are narrowed as the number of observations is increased, Qualitative- 
ly this means that the average of the sbserved data for a number of runs 
approaches the true value as the number of runs approaches infinity, WNete 
that the mamber of observations can be incressed either by repeating runs 
er by connecting more cells in series, 

5, Bearing in mind the perversity of storage batteries in failing to 
behave reproducibly, the investigator should heed Hoel's warning: [6, page 215] 

Too many experimenters do not seem to appreciate the obvious 

injunction that the time to design [statistically] ari-experi- 

ment is before the experiment is begun. 

A etudy of Hoel's Chapter XII on "Statistical Design in Experiments" should 


assist in planning a valid and efficient experiment, 
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CHAPTER VI 


CONCIUSION 


The experiment, while it failed toe produce the quantitative results 
hoped for, demonstrated qualitatively that battery performance is in- 
proved by charging with pulsating current, For the Willard R242 eel) 
& frequency on the order of 0,5 to 1 eycle per second produced best re- 
sults within the frequency range covered, further investigation, utilis 
ing the tools of statistics, is necessary to determine the reason for this 
improvement and to determine optimum pulse shape and freaency for this 
and other cells, There is reason to believe that low frequencies are 
superior to high frequencies, The investigators consider their time and 
efforts justified since their resulta not only supplement the meager know 
ledge about pulse-cherging tut also point the way for future study, 
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APPENDIX A 


EXPERIMENTAL SETUP 


The sxperimental setup was designed to (1) permit close control of 
charge and discharge currents, and to provide a choice of currents for 
charging; (2) provide for metering or measuring charge and discharge cur- 
rents, time of charge and discharge, and individual cell voltsges, temper- 
atures, and gas evolved; (3) provide protection against accidental "re- 
verse current" discharge of the celis; and (4) provide a stable power sup— 
ply, arranged for a minimum of interruptions or disturbances to the primary 
power source, A brief explanation of each of these provisions will indi. 
cate the methods end principles involved and will provide a clear picture 
of the overall setup, In the interests of completeness, ® block diegren 
with descriptions, and an overall circuit diagram are included, 

1, Gurrent control, 

Since ampere-hour meters were unavailable, constancy of current, 
on both charge and discharge, was essential to the outcome of the experiment, 
Regulation of charging current was accomplished by the use of automatic, 
thermal type, varisble resistance, “constant current” ballast tubes, Amper- 
ite type 4-10, Characteristics of these tubes are shown in Piguro 13. 
These tubes are designed to hold current constant to t 2%, Supplementary 
rheostats were provided for very fine control, permitting excellent over- 
all maintenance of constant current, 

On discharge, the voltage of the battery alone was beiow ths min- 


imam operating voltage of the Amperite ballast tubes, so that discharge 
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current was necessarily controlled by rheostatse only, Adequate control 
of discharge current was realized, but the rheostats required inianieeed 
manipulation by the operator in order to maintain constant current, 
Constant current requirements for charging included (a) a 
starting rate source of 6 amperes steady direct current, and for the fin- 
ishing rate, (b) 2.4 emperes steady direct current, or (c) 2,4 amperes 
(average) pulsating direct current of square waveshape, at 4. amperes 
peak velue, at frequencies from 0,5 to 8 cps, obtained from a motor 
driven, cam operated timer switch, or (4) 2.4 amperes pulsating direct 
current obtained through a half wave rectifier bank from an alternator, 
at frequencies frem 20 to 400 ops. Of this last item, it may be said 
that waveshape was beyond control, since the investigators were obliged 
to use whatever sundry alternators that were available for this wide renge 
of frequencies, but in any case, current was maintained at the proper av- 
erage value, 
2, Mensuration 
The problem of metering appeared to be quite difficult at first, 
especially at pulsing rates below about 40 eps, where ordinary 4'Arsonval 
movements tended te follow the current excursions rather closely, so rend- 
ering them useless for “average current® indications, In the case of or- 
rent metering, when the motor driven timer switch was used, it was alse 
necessary tc consider that, although the “on” current value might be pre- 
cisely 4.% amperes, the "on" and “off" times very probably were not exact- 
ly equal*, so that the average current could not be sesumed to be precise- 


*This assertion wae later borne out by a graphical recording of waveshape 
on © “Bruzh® recorder, 
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ly 2.4 amperes, Thus, a meter which would average, or integrate, was re- 
quired, and a long pericd, ballistic galvanometer, connected to a very low 
resistance shunt, provided the solution, The low resistance shunt caused 
the instrument to be highly overdamped, thus adding to its integrating a- 
bility, Am instant acting relay arrangement was provided, whereby the 
galvanometer and its associated shunt could be switched into either the 
battery charging circuit, or into a constent current reference circuit, 
maintained accurately at 2,40 amperes, for purposes of zere-setting and 
comparison, 

When charging with steady direct current, or with rectified al- 
ternating current at frequencies of 40 eps and higher, ordinary 4'Arsonval 
type ammeters were used, and previded satisfactory current indications, It 
is noteworthy that the precision of every electrical neter reading which 
might directly influence the quantitative experimental results was enhanced 
by the use of magnifying glasses placed over the meter scales, 

Voltages were read to three decimals with @ 0-3 volt scale volt— 
meter, provided with a switch for selecting any one cell voltage, To pre- 
vent the voltmeter pointer following the "“voltege fluctuation® across the 
eells, during pulsing at rates below 40 eps, which would result in inaccu- 
Yate voltage readings, a switching arrangement was provided so that the 
cells could de switched to a steady direct current cherging source at 2,4 
amperes for the duration of the meter readings, 

While it is realized that voltages read to three decimale with 


an ordinary d'Arsonval voltmeter movement would be subject to suspicion 


47 


“0% pay ,werpetat to ,spe1eve bigow dois tegen a amit .apieqma 4S yf 
| wol Xtey & 02 Defgennon, ,xetenpmav.iep ottetied .boiteg aacl,a dan .boxbap 
SI ose ecrcagng wot ex? ,wottulon edt Debivorg laude oncstatees 
f pathhs ewdld ,beguabteve viigid ed of saemsttent edd 
| . foomepseste Yelor gaitoe tsasaat ah yeettd 
F “st seat sae, bad. be0p,teute,betatsosee ati ban tof ewonaving 
(RRND SEHPFEPOE forsee tentpren..<yntad..9°, Atencio aaianete.gsebtat 
tee |< a weitter-ame 20, 20m0GtG, 198 renege, 04.5, t8. <Latenene teatstates 
oe ‘Sowrth aaltector eosecma 1.0 (8) wh .botiwe tents Datong sttoe Lesqued 
| ole bettttges dtiv to .tuetivo deetth yhaots tiv patgzade aed¥ 9 <0 
“LaenoetA'® yraatine <Teuigtd bas ego OF Yo eetomexport $2 taevteo gattantet 
_,fletde gotbsex tedem iseitésele yteve to aoleisetq oft fadt ydttovetes et 
-telsoe totem edi 19vo beosly aesesty aaiytiagem To.enm edaogd 

=?fov elmer #{fov F-O 2 déiw efemineh ostd? of heot etsy sogatioy « 
“97H ,9F ,,.-Br they Lino eno yon authoglon <a Aative 2 déinbebtvetq ,teden 
| oe a2 ¢iusox bivow dokdw ,aqe O woled sever ta satelog gattuh alien 
a pepe sorace ptelibepanati toasth yieete a at bedotive ed bLs09 aLiee 
cag ob teinte wotlas deve MOP PR AM, 0. er CARER Alt 29% AAARRT 
_Adtw elamtoed eortit of baor segation gard beatives al th elt). \ con bo 
_ Rplotqase of soobdae ed Divcw émpmeyom, Yetead ion LavnontA'h yrsathto ae 


as ) - 


aro 


v# 


as te the absolute accuracy of the third decimal, yalues were nevertheless 
read as closely as pessible, with the aid of the magnifying glass placed 
over the scale, The prime purpose of the voltage readings was to ascer- 
tain the point of completion of charges, based on the fact that voltage 
acress the csll reaches 4 maximum at the end of charge and thereafter de- 
creases slightly, Thus, sven though the absolute magnitude of voltage 
may have been slightly in error, the method used enabled the operator to 
determine mite closely idetineteabedae point, inasmech as the previous 
ly mentioned voltage decrease was easily discernible, It is well to note 
that a “set of voltage readings", as taken periodically during the finish- 
ing rate charge, consisted of three separste readings, one for each cell, 
In switching the voltmeter from cell to cell, ite vointer momentarily 
swang toward sere, during the switching pericd, so that fer each cell volt- 
age reading,;, the pointer always approached its steady state position from 
the same direction, Any lost motion was therefore always in the same di- 
rection, 

Time was reckoned by an electric timer connected te be energized 
oxbeuatineliy whenever the cells were connected to either the cherge or 
discharge circuit, 

Temperature of each cell was obtained by means of a Fahrenheit 
thermometer sealed into the filling cap, with the thermometer bulb im- 
mersed in the cell electrolyte, 

femperature of the evolved gas was obtained with o Centigrade 


thermometer inserted inte the gas collecting vessel of one cell, by way 
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of a pilot or sample temperature determination, The investigators felt 
that elimination of thermometers in the other two gas collecting veesels 
was justified, since the three vessels were grouped closely together, and 
therefore subject to essentially the same changes in ambient temperature, 
which proved to be the major factor in determining gas temperature, TFur- 
ther, the two investigators were required to make 11 reedings within the 
space of about 30 seconds every 6 mimtes, so that elimination of a11 un- 
necessary readings was highly desirable, 

Bvelved ges from each cell displaced an equivalent volume of 
water from a calibrated glass vessel, The level of the remaining water 
in each vesse] was accurately determined periodically with a cathetometer, 

3, Reverse Current Protection 

Inclusion of this device in the charging circuit was necessary to 
prevent accidental discharge of the cells through the generator armatures, 
in the event of a power failure, The reverse current relay (Figure 14) 
was connected to be normally energized, through a dise rectifier; thus, 
the relay was energized only when current was flowing in the proper (charg- 
ing) direction, Voltage to operate this relay was obtained from the IR drop 
across a resistance in series with the charging circuit, If, for any reason, 
the cells commenced to discharge through the charging circuit, the rectifier 
prevented current flow through the relay coil and caused the contacts te 
drop out. Deenergization of this relay simultaneously opened the cell cir- 
cult, stopped the electric timer clock, and shut down the motor-zenerator 


set, after which manual resetting was necessary, 
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Figure 14, Reverse current relay detail. 
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4, Power Supply 

In order to insure @ minimum of interruptions or disturbances 
to the charging current and auxiliary apparatus (clock, motor driven timer 
switch, etc.), a primary power source of high capacity was desired, The 
system used was the largest capacity system available in the laboratory, 
viz., the 230 volts, 3 phase, a. ¢, distribution system, A transformer 
provided 115 volts, single phase, where needed, An oversized motor-cen- 
erator set provided a stable source of charging current, This source suf- 
ficed for both the steady charging currents and the 0,5 te § cps pulsating 
direct current for charging, Alternating current for charging, from 20 to 
100 eps, was supplied by e motor driven alternator, with the motor connect— 
ed to a "Ward-Leonard” generator system for speed contrel, 400 cps alter- 
nating current was obtained from a 1,8 KVA veltage regulated, motor driven, 
400 eps alternator, 

5, Detailed Description of Componentes 

The overell provisions of the experimental setup have been set 
forth above, followed by several explanatory paragraphs on the selient 
features of the apparatus, A detailed, functions] description of compon- 
ent parts follows, 

Referring to Figure 15, note that three basic arrangements of the 
apparatus were required, Figure 15A shows the arrangement where only steady 
direct current was required for charging, This arrangement was employed for 
the starting rate charge during every cycle, and for the finishing rate 


charge during the control cycles (q.v.), and was the basic arrangement, te 
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which modifications were made as necessary for pulsating charges, as shown 
in Figure 153 ana C, 

The generator was a 2 KW, 32 volt, 62,5 ampere machine, driven by 
a 15 EP induction motor, and sufficient in capacity to show negligible regu- 
lation under the relatively light charging load, Some ripple of 540 eps was 
@iscernible in the output of this machine, but the percentage of ripple rolt- 
age was negligibly small, 

Two parallel connected rheostats were employed, supplementary to 
the current regulating ballast tubes, as previously described, Rheostat 
velues were 4 ohme ond 25 ohms, the former serving as a coarse contrel, the 
latter as a fine control, 

The voltmeter arrangement for metering individual cell voltages 
was described above, Switch details are shown in Figure 16, Separate leads 
were run from the terminals of this switch direct to the actual terminals 
of each cell, rather than to the “battery” terminals, to eliminste any IR 
drop inherent in the latter terminals, by virtue of their carrying either 
charge or discharge current, 

The reverse current protective device and the bank of Amperite cur- 
rent regulating tubes were previously described in this appendix, Of the 
Amperite ballast tubes it is worth saying thet they were procured in thres 
Sizes, viz., 2—h4-10, 5-A-10, and 9-410, having nominal current ratings of 
0.2, 0.5, and 0.9 amperes, respectively, Suitable combinaticns of these 
tebes in parallel gave the various desired charging current values, 


In Figure 15B, the gelvanometer current metering circuit, « cur- 
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Figure 16, Cell voltmeter switch detail. 


rent selector switch, & motor driven, cam operated pulser, or timer switch, 
an additional bank of Amperite tubes, and additional rheostats have been 
added, 

The gelvenometer circuit detail is shown in Figure 17, ‘The gal- 
vanometer and its purpose have been described earlier, The associated re 
lay was controlled from the galvanometer position, and permitted switching 
of the galvanometer from the cell charging circuit to the reference current 
circuit, while maintaining continuity of these circuits, ‘the reference cure 
rent circuit consisted of a source of direct current at 250 volts (obtained 
from a 5 KW generator, tandem coupled to the main induction motor and 32 
volt generator set), a 2,4 ampere bank of Amperite tubes, a 0-3 ampere am- 
meter, two parallel connected rheostate of about 25 ohms each, and euffi- 
cient series resistors to limit the current to the desired value. Current 
im this circuit was maintained at 2,4 amperes, The galvanometer scale was 
not calibrated in amperes, Rather, the pointer was set to give sere de- 
flection when the galvanometer was connected in the reference current cir- 
cuit; then the galvanometer wae ewitched into the charging circuit, and 
charging current adjusted to again give zero deflection, corresponding te 
2.4 amperes average current, 

The current selector switch, shown in detail in Figure 18, enabled 
the operator, in one switching operation, to cheose 2,4 amperes of (1) 
steady current, or (2) pulsating current, at a frequency generated by and 
preset in the motor driven timer switch, The purpose of the steady cur- 
rent source was described under "Mensuration®, 

The heart of the low frequency, pulsating current generating de- 
vice was the moter driven, cam operated timer awitch shown in Figure 19, 
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Figure 17. Galvanometer circuit detail. 
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Comprising this was a freetional horsepower induction motor driving a 
simple cam through a variable ratio gear train, The cam actuated a micro- 
ewitch once during each revolution, The microswitch in turn energized the 
coil of a locking type stepping relay, with single pole, double throw con- 
tacts, The stepping relay construction was such that ite contacts threw 
te one position or the other with each energization of the coil, and re— 
mained locked in that position until a subsequent energization of the coil, 
In one position the circuit to the cells was completed through the 4,6 
ampere Amperite benk, In the other, the cell circuit was opened, and the 
Amperite tubes were switched te a rheostat and ammeter, leading back to 
the generator, Tims, the celle alternately received either 4.8 amperes or 
no current, giving an average current of 2,4 amperes, as required, ‘The 
speed range of the cam permitted a pulsating current frequency range of 
about 0,2 to 5 eps. It was discovered that the stepping relay arrange- 
ment was unsuitable for frequencies above about 2 cps, however, so that 
for the rans at % and 7,8 eps, an additional microswitch and cam were in- 
stalled, the microswitch, with single pole, double throw contacts, being 
substituted circuit-wise for the contacts of the stepping relay, The cam 
operated this micreswitch every 180° of rotation, extending the frequency 
range of the device to an upper limit of about 10 cps, 

The resistence of an Amperite ballast tube varies with tempera- 
ture in much the same manner as does that of an ordinary incendescent lamp, 
except that the thermal time constant of the Amperite tube is longer, Due 
to this thermal characteristic of the Amperite tubes, it was found necessary 


to cause the desired value of current to flow through them continuously in 
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order to realize optimum current regulation, Thus, the 4.8 ampere bank 

of Amperite tubes was awitched alternately from the celle to the previous- 
ly mentioned rheostnt and ammeter circuit back to the generator, the rhee- 
stat being adjusted to give en ammeter reading of 4,8 amperes, so that 4,8 
amperes flowed through these Amperite tubes continuously, A similar ar- 
‘Yangement was provided for the 2,4 ampere bank of Amperite tubes, used for 
obtaining steady current for purposes of voltage metering, The current 
selector switch connected this bank either into the cell circuit, or to a 
rheostat and ammeter circuit returning to the generator, Whenever the 2,4 
ampere circuit was switched to the cells for a voltage reading, the motor 
driven timer switch contacts were short circuited, so that for this posi- 
tion of the current selector switch, the associated 4,8 ampere bank of bal- 
last tubes was continuously connected to its rheostat and ammeter return 
circuit, independent of the timer switch, 

In Figure 150, the variable frequency alternator, thyratron rec- 
tifier bank, and associated Amperite tube bank have replaced the motor driven 
timer switch of Figure 158, with other features remaining essentially the 
seme, At frequencies of 40 eps and greater it was unnecessary to use the 
galvanometer for metering of current, since ordinary a'Arsonval type meters 
gave satisfactory results at these frequencies, Three General Blectric type 
6.95 thyratron tubes connected in parallel were used to half-wave rectify 
the alternator output, No attempt was made to utilize the uniqe character~ 
istics of the thyratron tubes, Indeed, any rectifier of suitable current 
carrying capability would have served the purpose. The one outstanding ad- 


vantege of the particular thyreatrons employed was their immediate availa 
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bility to the investigators, At the frequencies involved here (20 eps 
and above) it was found unnecessary to consider the thermal delay in- 
herent in the Amperite tubes, and no auxiliary switching arrangement was 
provided for ths purpose, 
6. Gas Collecting Apparatus 

The gas collecting apparatus consisted of 3 one gallon, round 
giass jugs, one connected to each cell and, through « pressure equaliz- 
ing flask, to an over-flow reservoir, by rubber tubing, as shown in Fig- 
ure 20, Gas from a cell displaced an equel volume of water from its as- 
sociated jug, Pressure within each jug was reduced to atmospheric prior 
to each reading, by matching the water levels of the jug and its equal- 
izing flask, Height of liquid in the jug was read to 0,01 om with a 
ecathetemcter, Cross sectional aress of the jugs were sufficiently linear 
over the operating range to permit ee use of & constant term in computing 
volume of water displaced, as, for example, 200 ec per om, Gas volume was 


temperature corrected to 27° 6, 
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bility to the investigators, At the frequencies involved here (20 eps 
and above) it was found unnecessary to consider the thermal delay in- 
herent in the Amperite tubes, and no auxiliary switching arrangement was 
provided for the purpose, 
6, Gas Collecting Apparatus 

The gas collecting apparatus consisted of 3 one gallon, round 
glass jugs, one connected to each cell and, through a pressure equaliz- 
ing flask, to an over-flow reservoir, by rubber tubing, as shown in Fig- 
ure 20. Gas from a cell displaced an equal volume of water from its as- 
sociated jug, Pressure within each jug was reduced to atmospheric prior 
to each reading, by matching the water levels of the jug and its equal- 
izing flask, Height of liquid in the jug was read to 0,01 om with a 
cathetemcter, Cross sectional areas of the jugs were sufficiently linear 
; over the operating range to permit the use of 4 constant term in commting 
volume of water displaced, as, for example, 200 ec per em, Gas volume was 


temperature corrected to 27° 6, 
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Figure 20. 
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Figure 22-A. 
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Figure 22-B. View of motor driven timer switch. 
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Figure 22-C.~ View of Amperite banks and motor-generator set. 
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APPENDIX B 


SAMPLE CYCLE ANALYSIS SHEET 


Discharge 


Gurrent (1,4) - 
Mean Voltage (Vnq)- 


Duration (ts) - 
Ampere-hours (Q4) - 
Energy (Wa) - 
Charge - Starting Rate 
Current (I,) me 
Mean Voltege (Ving )= 
Duration (t,) - 
Ampere-hours (Q,) « 
Bneray (¥,) 7 
Charge - Finishing Rate 
Gurrent (Ig) - 
Mean Voltage (Vagj= 
Daration (t¢) — 


Ampere-hours (Q¢) = 
Energy (Wp) - 


Height (h) - 


Area (A) ~ 
Volume (7') -— 


Temperature (T) - 
Volume (¥) - 


Gonstant at 15 amperes throughout discharge, 

Time weighted mean voltage, from voltage readings 
made every 6 minutes throughout discharge, 
Duration of discharge in hours, 

Product of Ig and tg. 

Product of Ia, Vaq and tg. 


Constant at 6,02 amperes throughout starting rate 
charge. 

Time weighted mean voltsge, from voltege readings 
made every 12 minutes throughout starting rate 
charge, 

Duration of starting rate charge in hours, 
Product of I, and $e. 


Product of 1,, Vag and t,. 


Constant average value throughout finishing rate 
charge, 

Time weighted mean voltage of finishing rate charge, 
Daration of finishing rate charge in hours, 

Preduct of ip and tee 

Product of Ip, Ving and te. 


Difference in height in centimeters of water in gas 
collecting vessel at beginning of finishing rate 
charge and end of finishing rate charge, 

Crose sectional area of gas collecting vessel in 
square centimeters, 

Volume of water displaced from gas collecting vere 
sel during finishing rate charge - product of A and hk, 
Gas temperature at end of finishing rate charge, °C, 
V' corrected for T te a datum of 27°C, or 300° Kelvin 
(Centigrade, absolute), 
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Volume of gas per - V/ Xe 
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Volume of gas per - V/Wy 
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fotal ampere-—hours 
of charge. 


Total watt-hours 
ef charge, 


Efficiency, an- 
pere-hour 


Bfficiency, watt- 
hour 


(95) % + % 
(We) Wy + We 
OQ) W/% 


( Xw) Wal, 
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APPENDIX C 


RAW DATA 


Laboratory data sheets for all cycles are included in this appendix 


in chronological order, Dates, cycle numbers, and frequencies are as 


follows: 

Frequency Cycle Numbers Date 
0.5 A2 2/19/53 

1 Ab 3/2/53 
3 Ag p)23/55 
7.8 All {1/53 
20 A5 3/4/53 
A3 2/25/53 
100 Ag 3/25/53 

4oo A10 3/26/ 
Steady Al 2/18/53 
" Ab 3/5/53 

® AT 3/9/53 

® Al2 4/8/5 
* Bl, B2 4/28/53 
. B3, BY 4/29/53 
8 BS 4/30/53 


fhe final data sheet liste the meters and recorders used, 


7o 


O ATURGTTA 


APTA WAG 


xibaeqas etidt af bebwfont ets eefoyo Ifa wot adeeda atah yroserodad 
ee sts eeionegpett bas ,etedmun eloyo ,ceisT .tebto favigolLoaetdo at 


rewollot. 
ee\e SA 2.0 
aAta\e a f 
et NE Be . 
ce 7" ats 
: “ 1 
ofa cow 
Sh ae 
qa vale 
SEA * 
Sa 18 a 
a fe we 
og ® 


bees stebhtoset ban wretem edd agetl deeds ateb Laatt ed? 


ar ee 


PPT, oe; 


| EF RRERUMGDGE DY 2S ae 
po age 
F 


| 


ft sf ee 
[zee : 


a 
ts 


DACECUMNBEDRUY: CUEENOUDE 
| SEGRE OREANE 
SENBEEEEELEE 
HEH! CEAGAAMNNEEAOUOUSE 
HACC! AL ECECELCCHMMAO TEED 
NUTCARONTHNSRCHPCERRBAEE 
SRGEEROUHRSHEMBECEPECEEEE 
NNEC ERLECECE SEEMNCERANEEE 
NNR PHLEGAGAET( OPSERRUERE 
BUPEEELCECLLECAAEOUNINNE 
nnREC ERAN 
SmREEE CEES 
MESURE SERNEEE AGE ECECCEE 
AFORE AC ANEESSESGUSOECEAGE 
BLAGTS) NUDEEGU/ 207 NTECORE 
PONE WEELEC CL CLMNF EFFECTS 


i 


y 


ra. 
er 
— 


Ssrevoy 


or) a ee 


“| 
Py 
Heil 
A 
aa 
a 
a 
‘ee 
la 
“all 
gl 
an 
sb 
U 


ilael bt 2902 


tS fpoesa 


i @ 


Paar 
“ll re i | 
hoy Mas} ei . 
1 | ao 
i . Ia 
}a/ |S4 {4 r 
Me ao bad ; : | / 
H el Ge Pa ; 
BEEEREEEGHORNED tinh 

[> . s | | ; } | } 

} ae ae = Lo) ml \& -<l e a 
iz || Sian i: ® aiéjeis = 
es ee ee ee Fe ee i Ps 

ge = Bk x 

| | / iqhic } / | | rd - 

| } 
| 


| | PR ms | 
Lt re | eget 


= 
“ 
| get 


ue : 


\| ; ; 
- s ; _ a 
== | e =| AOREERERELG: 
4 eT & aor =| 
He ee pee 
| / 
i } j | | 
| a : . 


19917 


& 


ie ici 
2ERRREE? SGGERBANEESEEEI 
SRETEREE: PGRRAERERDSGEDCES 
Be es ea eee eet Lt dT pat 
eae Pe 
ERSEERRRRPERREECCERSERREEG 
Ae se ST 
OE RERERE ELDER EER RRREREEEE 
parent Sac heae 
MEME AEE EOTOEGEORA HHO eT TSE | 


| 24.2% 4o | 


| 21.0 
74.4 


4 bub|aec5| | 


se a Ba 


ibe 


es omeee aw GuY anes meco sé 


1 bYe| 28. of 


75 | 2.650] 27.02} 


4 


1-637 |g" 


ae 


Loy | 21.2 


EFEES 


; 
' 


iF Carcduremerd “Trpps 5 TR eats) | — 


od 4 


® . > Sa 
A p la S : . jm 
~~ A " = iy 


hy 


a 


- = 3 


 #.. 


4 


i) 
- ba | - = 
- —= 


‘& 337 Shaee eee | 
ie yal | | “lol 


PPP Ce 
': THATOMERRERTEC1CAHAHRMAE 


sR RSHOAOWEUE 000 C00HNNBUEDRE 
EEGRERBRESL | F GRRGRREREED 
RERRERRET SSUTRRERP OE URREE 
Pt Lee tT 
PAs 
MY OUBRBES: GORDEREALACECE = 

E SEEELEEF PEEMEE EE 


ij i 
, P : r 
@ \ 
» 
ad 
. 


= 


| 


| 
} 
| 


: : ; 
: s 
=A - 


7 ; lean * 


ar a.7er a 


4 ha 


al 


AB ia 
= ore. 


eho 


ed Tl 


2 


ue S ® 7) ae a0 f i 
Pd - 7 


= 


” is 
a 
i 


“ 


~ - <gpadpes 


h ive 


ie 


y ‘ 


i 
¥ 


30 


MERE oct cc 
FFeCEEL FSMEEEEE AE BOSE 


f 
Pho 


, Be 


a” 


ArY¥e | 2 
g 
2140| 3 


meypes o 


PUM es ae ee rE 
ele hic 
SHRREGE. SERAGERROREOEES sEEEES 
4 BEEP SEMEL EEEREREEMEEEEE ZEEEe 


US 
pre 
ME RRERRACEEORERSROE? LORRED ork EE 


263%! 2644 | 


| 286 


top ea aul Sil 
ennuE: 
| RaRGE 
EE risid | joa] ida eae | RRBRE: 
| Le ot Sr eee tot ost 
eee PREESEEEEEE BE RREREEEEEEEPEREEPEREEEL EEO Ese: 


Soak # ~ 


fe 


r ™ 


q ig F a te a's th wiht net 
, ' , P oy) > dM, WR ek ‘i yy iF 
id ae 2, Le one & ll ie ' 


Pit a ial |e 
HBNEGHEE 
EEEELLEEOBEEE 

AL wl SIP 


spat 
i 


ae 


Ae TR 


7 


~~» - 
| ~ S = 
E | / . : 
| } | . 


yu 94, 20 


- = . 
—_—!2- 


Bo 
é| 
am 


] 


\ 
ae: 
2 s pa 


"ahd 


MA 
. a See. te [Re | 
Te eet 
Beet 

E HUMBER UHPRSEAMBEECEEEEE E 
(EMBL ATAGGA; CAARURAEEE cP cHE 
PSEEFFEEEE-CESEEPELEEEEEEEE 
CHNNDL SEMECCHCSNU OMA AAAIAE 


L: ere eat : 
& a GEEPEEEPEMMEEBEEEREEEES 


5| x 5) 
a = : 
. 2) = _ 3| 5 
{ i : | a in : ae : —— ey 
‘ % q l . F ¥ - ; >| " 1 T ’ q 
: EEE EEEEERRBEEEEEREES d | | | | | 3 “ | 
"pa he = : | 4% | | | 
i : 4 
; Fi ~ ~~] ~ 


PAiins, i 4 % * 


Le 


mie 


ee. 


fur PA RE 
eee aed 


2491 ae 
T™ Stce 


EPEEEEEMBEPEEEERERE 
RERREUECORGURRDERERE 
TUT 


So 
i aie 
a ae 


ie ae 


OW Z 8 
CUE RENT 


4 


“a 
are 
~| = 


ald. . 


3.6% 


/ 


2-bd\ | 1 


ce 4 


_ 


"yah 


a 


_— 


, 


by i 
ApS 


Pee fu 
oR Meth 


s| 


SUEDE RERERERRDSERDERRRUREED 
Nett tee at ¢ 


29.89 


Sry TaFrreee? 
(UCeRCHNICONO 


26H 
2-626 


-SUASNEEUSOANNBNDAVR CHUAN 1p 
MCR ett a Cd 
PC eg PITT 
Ret Be LE 

APM LPR 
APS ee 
OE SNH GG? CRPRERECECRECTEGEL 
|NECEPEEEME AMANO GE 8 SHOE 


Gace 


ay) 
N 


> CAR ETOEESO AAU HAAMAERAIRE melt a 
yy RS 
w al 
* cEEEEEEORELEEFERERSMREEREEER SEPECREEERER 
r Nil ‘ie RS oo S| 6 
BREE ttt ttt te ERARLRGRDER 
EE | i 


2.5 I | 2669 


78 


| amr = 


A a ‘ts 
2s “rind ts a 
rick ae Ae 


aL 


465 


25 Maecd 


px Fee ray 
ar ‘ 


fe ee 


BI GAEAFSTAMRROAODE SCAT FOE 
OEE ERR RREE COGLOELESEEELCEEEES 
PS a ee 


>) 


a 
3 
x 


3 
& 


& 
| 5 
. 


2/4 


ee 


io 


: 4 
+e aber | i 
Wt OP ern { f 
ek 


ik ‘2 § 
“a a 
a PS | 


le 
is 


C00 


6IAD. 2 |3 


|: AERREeETETAE 


Pete laces ate 
i ARACACHDRBNURE BUERE SARA 
dC EMMA GRE DOMNRGRNEEEFEPELEES 
BF EPERFERBEEEECCECCEREET ER: gear trate 
MT TEN LTT LL PUSNGNRRNGLEEEEEESES 


Lat nee 10 


ang Piers wane iit 
Paar ia ORR a 


ae wpe 


Mi TTT 


Hee ic HABIT BE 
4 AO: MR DUREMNNDMEBEREE. EECEr : 
eS EEEEPEMIEVEEEEEEEEEEREPEEEE 

E SHESER DCRR 2A 
PE CRRER REO DDRRRREE. ECEEER 
i S5EEEELBLESEELES SEE ELEEeEEEE 


jae 
(cA CONEMRAMENIRY CPE 
aber ag) Ma BEE 


veal et 


a 
> 


47-47 


2.61 2991 
67|27.7%. 


: 


2.607 |ae4 
a-6 of] 2646 


24 


Hl pr 


mw 


46 | 
Lat 


| |2-06 Bode mosey 


<b 
u 


0 


S| 


| + _{_{_} __ 


| SANSHEROEEGEUEHOGRT RREEEBE: 
BEEREEMMELEPECECEER MBEEELE RE 


HURRURAUSRURERERHAGRERERANEE 
BEEEEPREEEECELEEEMEMREEEEE 
SUT TTT a TT dag 
iC FESHERUES"HEHUREHRBREGSSED Fi 
se ea a 


4 
tS 
sick 
| | as 
ate 
| 4a | 2.7 
ade 
ee 
nae 
wir 
Fae 
‘ae 
( 
Bey ty 
til 
2 ee 
ao 
TUL. 
E- 
Nei 
ey 
i 
ve 
“iar 
fe 3] 
| %4_| 


Ts Tg La 


NTARGOSRUETAG; AOTSERAAL EGBENBERERMBNBNC EES : 
ae Fb eagals 
sist ay TT Te aa 


VEE EBRD OMRE PRR RG MERESECE ae "Bu 


Saemernean ee Sa 


TRGHOEARERERERS CORE AREER 


4 tas 


’ 
Ql | 
GS 


re) 


ee 
Ea Pas | 


z 
3 
~ 


ERCERNBLCOUACE 
GPEC UeGcONBEE 90 


: > 
™ 
os) 


| 
Pe 


wv * 
ta aziaas 
7 car ut < 


ee. 


LP 
iF 
j 


1 a | | 
nl eae 4, 
| ol 
S| =5 S| =| Fw g 
% |) ~ a A J 


| 
PPL 


BRREEECECC OME 


3 a§ EE 
« ds x 


as gS 
= 
a ae 


Bd 


- of vi 
¢ 


phe As 
iad -—s r ae ny 
, : =e sey 


ee ae 


i ae 


° 
2 


1 beat a a 2 
aye ars | 


i q > , * 
ad 7 ) ¢ % y 
ee : . ; ss 
- f - 
.T . 


‘ Aw oe 
Tay j a ifs 9 ay 
im rk oe ae 
Se. ae i 


"Ss a= TD 


4 |= 
— Lad a | et 
ou 


= 


a | 
ey in 
>, 
oe 
i 
~ 


an | a) iia of 
tas ee hi 
rhs a6 HE a) Sd ee 
_ as ee ie. er ae ; 
$4 
io} go, Oe 
a ; iy as id wv % 
: 7 : a ‘ ae al ate >i a4 ; 


en 55 50 


€ ¥ 


ETE 
ST eT TT 
BRRRERORDORE! POCEEEEEN 
AMMMARROBOOGL: 3 food EPEEEE 
FEBMIECECRBEE: EE EEEPERRE 
eT ss es |b 
DAMERSRARRRBRL S200: FECES 
EenUnAACAC AVOUT TAACIER 


HEREROGSGHK. 0000: SC EEERE 
eee BeLCLUBBEEL Hee. 


f 
Le. 


wae SE 


+ 


pie | 
ake | 
wad 
ew 
del 
|_| Hae 
71 
he 
| 77641.9 
rie 
ae 
68] 
oe" 
is 
aa 
_| 79 |n3 


p70] | 75)2204 |7eSlapoy | 

“Be. 

2] 2 
a F 
ar” 
+ 
Doze 
bL| te _| 
1 


a 


ty inst raat Se 


teat at tala a , 


tee 
eg au mT 


= 
=) 
{|< 


Dr Ve 
Mow wl 


UN 


” 


7 Fae Shen —- oF | aT = a cone 


JUL 2 BINDERY | 
AUG 31 BINDERY 
APR 19 348: 
NOV 12 | _, °$42=-DUP. 


19 Dec'72 INTERLIBRARY LOAN 
Gould, St. Paul, Minn. 


